Rapidly growing populations and migration to urban areas in developing countries has resulted in a vital need for the establishment of centralized water systems to disseminate potable water to residents. Protected source water and modern, well-maintained drinking water treatment plants can provide water adequate for human consumption. However, ageing, stressed or poorly maintained distribution systems can cause the quality of piped drinking water to deteriorate below acceptable levels and pose serious health risks. This review will outline distribution system deficiencies in developing countries caused by: the failure to disinfect water or maintain a proper disinfection residual; low pipeline water pressure; intermittent service; excessive network leakages; corrosion of parts; inadequate sewage disposal; and inequitable pricing and usage of water. Through improved research, monitoring and surveillance, increased understanding of distribution system deficiencies may focus limited resources on key areas in an effort to improve public health and decrease global disease burden.
INTRODUCTION
The declining availability of water supplies is one of the most important environmental issues facing various countries at the present time. It has been estimated that nearly two-thirds of nations worldwide will experience water stress by the year 2025 (United Nations Environment Programme 2002). Climate change, affluence and population growth have resulted in vast requirements of water for use in domestic, industrial and agricultural settings.
There exists a growing demand for centralized systems of water delivery in urban locales due to the continuing trend of population migration to larger cities. In these densely populated areas, the government (or a privately contracted company) has often installed the infrastructure necessary to deliver treated water. This type of potable piped water is necessary to ensure that all residents have convenient and continual access to a clean drinking water supply.
Historically in developed countries, the establishment of a distribution system to disseminate potable water has proven critical for public health improvements (Nelson 2001) . However, in developing countries, many existing systems are operating intermittently and at a fraction of their capacity (WHO 2003) . In addition, many more problems with distribution systems exist, and also occur more frequently, than in developed countries. Therefore, although presence of a public water distribution network is often an indicator of improved water supply in a developing country, it should not be assumed that the resulting water quality is always adequate for human consumption.
In many urban areas, interrupted service, whereby water is provided to residents for a restricted number of hours per day, encourages stagnancy of water and growth of microorganisms. Negative hydraulic pressure can draw pathogens from fecally contaminated material surrounding water pipes into the water supply, through leakages in the network. Similarly, improper disinfection or failure to maintain a sufficient disinfection residual, as well as natural ageing and corrosion of infrastructure, can create conditions favourable to bacterial growth. These flaws in the distribution system often work in combination with each other and can seriously compromise both quantity and quality of water reaching the consumer. The decreased microbiological quality of the water may cause public health outbreaks of diarrhoeal disease, a significant disease burden in developing countries today (Gadgil 1998) . Clearly, these indirect consequences of poor water supply services are counter-productive to the purpose of distribution networks.
The impact that distribution networks have on reducing water quality has been inadequately addressed due to the limited information available on the magnitude of the public health problem. Existing statistics are often optimistic rather than realistic estimates of the actual conditions of distribution networks. Little research is being conducted towards determining whether distribution system inadequacies are a result of sporadic breakdowns or are continually occurring. Moreover, very few epidemiological studies have been published on disease outbreaks in relation to distribution network deficiencies in developing countries. Hence, there is a vital need for further research on drinking water distribution systems in developing countries. This review will examine the impact that distribution systems have on water quality after the water has left the treatment plant. It will attempt to establish, using microbiological, engineering and epidemiological case examples from various developing countries, that failure in the distribution system can dramatically reduce the quality of water arriving to the consumer resulting in water unsafe for human consumption. The review will also examine the negative impacts that inequitable use of water has on both water quality and quantity, as well as briefly address risk assessment issues. Finally, the numerous political, social and economic causes underlying distribution system failure will be addressed and suggestions will be made in an attempt to ameliorate the current situation. It is hoped that, by identifying and increasing the awareness of the existing problem, solutions will be undertaken to improve public health and markedly reduce the global disease burden.
BACKGROUND
Over the last half-century, there has been a growing trend of population settlement in urban areas. Currently, the greatest migration rates from rural into urban areas occur in developing countries. The United Nations has predicted that, by the year 2030, 56% of people in developing countries will reside in urban areas (United Nations Population Division 2002) .
As urban populations continue to expand in these regions, the demand for delivery of clean drinking water will also increase. In most larger cities, governments or privately contracted companies have constructed the necessary infrastructure (distribution networks) to provide a potable water source in a timely and convenient fashion to all residents. Venezuela is reported to serve more than 80% of its urban population with piped water (World Bank 1996b) and Eastern Africa has improved access to piped water sources by 30% in the last 30 years, with more than half of these new sources occurring in urban areas (Thompson et al. 2000) . Despite these numbers, for the majority of developing countries, access to a treated water supply is generally quite low. In Jakarta, Indonesia, it was determined that only 22% of residents had direct access to piped water (Alberini et al. 1996) . Regionally, the World Health Organization (WHO) and UNICEF (2000) estimate that, in the largest cities, those with a household or yard connection range from only 43% in Africa, to 77% in Asia, Latin America and the Caribbean, leaving a large proportion of remaining residents without sufficient access to a clean water supply.
Access to a treated, piped water source has proved to be crucial in the improvement of public health and decreased transmission of infectious diseases related to water (Nelson 2001 resulting water quality is poor. In Jakarta, Indonesia, it was even observed that the public water supply had the highest levels of contamination out of all available sources (Alberini et al. 1996) . Indeed, a search of the literature indicates that developing countries experience more rapid deterioration of infrastructure, greater distribution system failure, and greater magnitude of distribution system-related problems than developed countries (WHO & UNICEF 2000) .
There are numerous political, social and economic issues which underlie the direct causes of poor operations and maintenance of an urban water supply system. These problems result in a substandard water supply, leading to decreases in the quantity of water reaching the consumer, as well as deterioration in the quality of water reaching the consumer (WHO & UNICEF 2000) . While the main focus of this review concerns the impacts on water quality and its effects on public health, it must be emphasized that water quantity is highly compromised. Wastage of water through unmetered or illegal household connections, and leakages in pipes and other valves can lead to massive volumes of water loss. This is by no means an insignificant problem, as this 'unaccounted-for water' in large cities of developing countries is estimated to be greater than 40% of the water volume initially entering the treatment plant (WHO & UNICEF 2000) .
An urban water supply may become contaminated prior to consumption, from untreated water (either intentionally untreated or through treatment failure) or from crosscontamination in the distribution system after treatment occurs (Ford 1999; Craun & Calderon 2001) . Either or both of these mechanisms can result in poor microbial quality of the water supply and may result in diarrhoeal disease and other gastrointestinal illnesses when ingested.
There is evidence suggesting that distribution networks contribute to decreased water quality. For example, in La Plata, Argentina, intestinal parasites were detected in tap water sampled from four regional zones, but no parasites were detected from samples taken in the immediate vicinity of the plant (Basualdo et al. 2000) . Similarly, in Mexico City, bacteriological contamination increased by 26% from the point of treatment to the consumer's tap (Gaytan et al. 1997) . Finally, in a Trinidadan community, 80% of household tap water samples tested positive for total coliforms, while no samples from the treated reservoir tested positive (Agard et al. 2002) .
Areas in Asia and Africa demonstrate similar conditions to the above examples from the Americas. In Dushanbe, Tajikistan, fecal coliform concentrations taken at community taps were triple those leaving the plant (Mermin et al. 1999) . In Phnom Penh, Cambodia, treated drinking water showed an absence of pathogens, but 25 -44% of samples from household taps were contaminated (Dany et al. 2000) .
Moreover, in Johannesburg, South Africa, 14 -16% of water samples obtained from the distribution system contained greater coliform counts than samples obtained directly following chlorination, though water quality reaching the consumer was still of high quality (Geldenhuys 1995) .
A few epidemiological studies have also established associations between declining water quality from distribution systems and increased risk of gastrointestinal illness.
In Dushanbe, Tajikistan, fecal contamination of water occurred after treatment via the distribution system, leading to an outbreak of typhoid fever in the community (Mermin et al. 1999) . In Nukus, Uzbekistan, low pressure within the distribution system preceded an outbreak of diarrhoea (Semenza et al. 1998) . Finally, in Cherepovets, Russia, a decline in residual chlorine concentration in the distribution system was associated with an increased population relative risk of 1.42 for gastrointestinal illness (Egorov et al. 2002) .
Therefore, there exists sufficient microbiological and epidemiological evidence to implicate distribution systems as vehicles of transmission for pathogens. It is not known, however, whether poor quality water results from sporadic breakdowns of distribution systems or from continual, endemic problems in developing nations. The following section will discuss in more detail, what the exact failures in distribution systems are, the specific manner in which they act to decrease water quality, and the resulting impact of these deficiencies on public health in developing countries. 
DISTRIBUTION SYSTEM INADEQUACIES

INADEQUATE DISINFECTION RESIDUAL
The use of a disinfectant in the treatment of a water supply has proved to be crucial to ensuring public health (Gadgil 1998; Ford 1999) . There are numerous reasons why water supplies are not disinfected, including the intentional absence of disinfection due to consumer resistance to the taste of disinfected water (Diergaardt & Lemmer 1995) , or avoidance of disinfectant by-product formation in the water (van DijkLooijaard & van Genderen 2000) . Owing to its effectiveness and relatively low cost, chlorine is the most commonly used disinfectant globally (Baxter 1995) . However, its odour, taste and reactivity (defined as the potential for disinfection by-product formation) may negatively influence the choice of chlorine as a disinfectant (Besner et al. 2002) .
Failure to disinfect the water supply may also occur inadvertently, for example when the supply of treatment chemicals dwindles and cannot be replaced, or from mechanical or human failure during the treatment process (Diergaardt & Lemmer 1995) . The failure to disinfect water has clear public health consequences: resulting disease outbreaks have been well documented in both the developing and the developed world (Cá rdenas et al. 1993; Rab et al. 1997; Craun et al. 2002) . Not only is treatment necessary at the water treatment plant, but the maintenance of a detectable concentration of the disinfectant (called a residual) in the water distribution systems is also crucial. There are many purposes for maintaining a disinfectant residual; the primary goal is preservation of water quality during transit by preventing regrowth of pathogens, as well as inactivation of pathogens that may later be introduced into the system (Trussell 1998) .
Both chlorine and chloramines are used widely for this purpose; the latter have a greater ability to persist in the distribution system (Egorov et al. 2002) .
In addition, the lack of residual in the system is a warning sign that organics, including potential pollutants, have entered the system and has been used as an indicator of contamination (Trussell 1998; Haas 1998) . This is usually supported by increasing bacterial counts as residual concentrations decrease. In Trinidad, it was observed that, as the chlorine residual decreased from 4.6 ppm at the plant to 0.2 ppm at the household, there was a statistically significant increase in total and thermotolerant coliforms (Agard et al. 2002) .
Presence of a disinfectant residual is especially important in developing countries because of poor sanitary conditions and the high risk of recontamination during distribution. This is especially true if the water must travel great distances to reach the end consumer, since generally, residual chlorine levels decline as the distances from the plant increase (Egorov et al. 2002) . For example, it was observed in Dushanbe, Tajikistan, that a longer length of pipe increased the chances of contamination, especially in the event of low pressure (Mermin et al. 1999) . In Pietermaritzburg, South Africa, coliforms were found to be associated with low chlorine residual; as distance from the water plant increased, the level of free chlorine decreased with resulting coliform increase (Bailey & Thompson 1995) .
In addition to distance travelled, other factors that affect the rate of depletion of a residual are: water flow velocity, residence time, age and material of pipes, and water pressure (Egorov et al. 2002) .
However, a disinfectant residual can guard against only a small amount of reintroduced pathogens, and can easily be overcome by high concentrations of contaminants (Gadgil 1998) . The greater the risk of contamination in the pipelines, the higher the residual concentration that must be maintained. The World Health Organization recommends maintenance of a disinfectant residual of 0.2 to 0.5 mg l 21 in a distribution system under normal operating conditions (WHO 1997) ; in general, developing countries maintain higher concentrations of residual than the estimated 0.2 mg l 21 maintained by developed countries' water supplies (Geldreich 1996) . For instance, in Pietermaritzburg, South Africa, a free chlorine residual of 0.4 mg l 21 was necessary to control bacterial growth (Bailey & Thompson 1995) . In Johannesburg, South Africa, it was determined that a residual chlorine concentration of 0.3 mg l 21 was necessary to reach the furthest points in the distribution system and therefore a free chlorine concentration of at least 0.8 mg l 21 was administered at the plant (Geldenhuys 1995) .
In Hyderabad City, India, the city aims for a residual concentration of 1 -2 mg l 21 at the tap, and as a result an average of 4 mg l 21 of chlorine is added at the treatment plant (Mohanty et al. 2003) .
There is evidence that problems exist regarding proper disinfection and maintenance of an adequate residual in developing countries; a summary of these studies is shown in Table 1 .
Similarly, clear health benefits have resulted when the disinfection of water supplies occurs. In Israel, new regulations have rendered chlorination of community water supplies mandatory and have resulted in a dramatic decrease in the number of waterborne disease outbreaks (Tulchinsky et al. 2000) .
INADEQUATE PRESSURE
In addition to maintaining a sufficient disinfection residual, the next most important means of protecting quality of the water supply is the maintenance of positive pressure throughout the entire network (Geldreich 1996) . It is thought that inadequate pressure and resulting reverse flow or back-siphoning of water is a common cause of distribution system contamination worldwide (Trussell 1998 ). Insufficient pressure is often inextricably linked to intermittent supply of water, which will be discussed in the following section.
When scarcity of water occurs in a municipality, a commonly employed tactic is to reduce pressure in the pipelines, reducing the supply to each household (del Carmen Gordo Muñ oz 1998). A drop or differential in pipeline pressure can result in the reversal of flow, with water flow in the direction of lower pressure. As a result, backflow occurs, which is defined as the flow of undesirable water back into the potable drinking water supply (Herrick 1997 ).
There are two types of backflow that may occur. The first is back-siphonage, which occurs when the pressure drops sufficiently to cause a vacuum effect in the pipe, which can then draw in contaminants through leaks in the pipes or through cross-connections (Geldreich 1996; Mermin et al. 1999; Kelkar et al. 2001) . A cross-connection refers to 'any connection between a potable drinking water supply and a non-potable, undesirable, polluted or contaminated source' (Herrick 1997) . The other type of backflow is called back-pressure, which occurs when 'a pressure is created in the system that is greater than the supply pressure' (Herrick 1997) as will be discussed in the case of individual pumps and storage tanks installed into the system by users. Insufficient or negative pressure has been known to result from a number of events such as insufficient water supply, power losses, hydrant flushing, rapid closing/opening of valves, the addition of residential booster pumps, transmission main breaks, and pumps ceasing or starting to function (Gadgil 1998; Besner et al. 2002) . For example, in Dushanbe, Tajikistan, where a recent typhoid epidemic was observed, half of the pumps were not operational, preventing the proper pressure from being achieved (Mermin et al. 1999 ).
Hydraulic pressure, or water pressure in the pipeline, may start off high but drop off rapidly, with those in the end zones experiencing very little pressure or water supply.
Thus, those living closest to the treatment plant are at an advantage for receiving sufficient volumes of water than those who are located further away. In Bangladesh, it was observed that system pressure dropped at short distances away from overhead tanks and pumphouses, with some areas even experiencing zero pressure (Chowdhury et al. (Dany et al. 2000) . In Lima, Peru, loss of water pressure was a daily occurrence 'due to pump stoppage to reduce the high cost of electrical power in the water treatment budget' (Geldreich 1996) . Insufficient pressure has also caused disease outbreaks in the developing world.
For instance, in Nukus, Uzbekistan, an outbreak of diarrhoea resulted from intermittent pressure within the distribution system two days prior to the outbreak (Semenza et al. 1998) . It is clear that insufficient pressure in the distribution system can cause epidemics of disease in the population; evidence of this can be viewed in Table 2 .
INTERMITTENT WATER SUPPLY
In arid and tropical areas, sources of water are scarce but the demand for domestic connections continues to increase in urban areas. In Colombo, Sri Lanka, this demand for domestic connections has increased by more than 10%
annually since 1990 (Bradley et al. 2002) . Some areas have even experienced depletion of groundwater sources because enormous withdrawals have exceeded the rate of aquifer recharge, as in the reported case of Mexico City (Gaytan et al. 1997) .
Owing to the scarcity of water as a resource and the fact that treatment plants were designed and built for populations much smaller than they currently supply (Ford 1999) , these water supply systems are not able to provide a continual supply of water. Thus, intermittent water service has become the norm, rather than the exception in many developing countries (Kumar 1998 Table 3 .
A sporadic water supply means that, for the majority of the time that water is not provided to households, pressure in the system is drastically reduced and stagnant water remaining in the pipelines draws surrounding contaminants into the potable supply (Gadgil 1998; del Carmen Gordo Muñ oz 1998; Ford 1999; Mermin et al. 1999 (Kelkar et al. 2001) .
Interrupted service has also been linked to a number of disease outbreaks in the developing world. In Jakarta, Indonesia, poor reliability of the water supply was most strongly associated with diarrhoeal illness, though overall diarrhoea rates were relatively low (Alberini et al. 1996) . In Dushanbe, Tajikistan, low and intermittent water supply was a causal factor for a typhoid outbreak (Mermin et al. 1999 ) similar to the case of Nukus, Uzbekistan, where intermittent pressure was responsible for causing an outbreak of diarrhoea (Semenza et al. 1998 ).
An intermittent supply influences the behaviour of those receiving the service, which may further exacerbate water supply problems. First, an intermittent supply has been associated with increased water use and wastage (Kumar 1998; Bradley et al. 2002) compared with a continual supply. Wastage occurs because taps are left on owing to inconsistency or lack of predictability of when the next water supply will arrive, and thus each household attempts to draw a maximum quantity during supply hours (Kumar 1998) . In addition, because of the unpredictability of service, many users construct their own pumps and water storage tanks either underground or aboveground. A marked increase in this trend is evident in East Africa, where 90% of piped households store water, whereas this figure was only 3% in 1967 (Thompson et al. 2000) .
The construction of individual pumps and tanks further reduces the pressure and supply of water available to other consumers (Kumar 1998) , complicating the hydraulics of the system (Massato & Thornton 1999 ) and
exacerbating the problem enormously. Further health risks may also exist from the storage of water, as domestic tanks are often infrequently cleaned and/or improperly used (Geldreich 1996; WHO 1997; Jensen et al. 2002) . Thus, it is clear that intermittent pressure and intermittent supply are complex but important contributors to distribution system failure and decreased health status.
LEAKAGES
The problem of unaccounted-for water, also called nonrevenue water, is substantial in many developing countries.
Unaccounted-for water is defined as the difference in the quantity of water delivered to the system and the quantity of The leakages rates estimated for a distribution system are a good indication of its state of structural integrity (Mohanty et al. 2003) . As expected, the physical and chemical properties of the water supplied (including corrosivity and hydraulics) affect the deterioration and corrosion rates of infrastructure (Geldreich 1996) . In addition, rates of deterioration are influenced by technology chosen, design engineering and spatial planning of the distribution system, which are often inferior in developing countries (Chowdhury et al. 2002 If leaks occur in the pipeline and fecal contamination exists in the environment because of inadequate sewage collection or leaking wastewater pipes, a route exists for contaminants to be introduced into the water supply. This is a significant problem, since the greater the amount of leaks in the pipeline, the more opportunities for pressure loss and therefore the greater probability of contamination through the introduction of pathogens (Mohanty et al. 2003) . In addition, water sampled in Mexico City had high total and fecal coliform levels, thought to result from broken or poorly maintained pipes (Gaytan et al. 1997 ). An additional route of entry for pathogens exists during the reparation of leaks; inadequate disinfection following main break repair has resulted in contamination of the water supply (Kelkar et al. 2001; Besner et al. 2002) .
Unfortunately, the replacement of distribution system infrastructure is a very slow process. Some visual leaks were reported in Bangladesh to have been flowing for several years before being repaired (Chowdhury et al. 2002) . While it may only require 20 years for significant deterioration in a pipe to occur, in some cities it has been estimated to take up to 90 years to replace the system (Ford 2003) . It is clear that the problems of leaking and deteriorating pipelines are important means for pathogen intrusion in the water supply.
CORROSION AND AGEING INFRASTRUCTURE
All distribution systems deteriorate over time; corrosion is an essential factor in the natural ageing process. Corrosion is defined as the partial solubilization of distribution system materials (del Carmen Gordo Muñ oz 1998), and is a means of introducing organic and inorganic matter into the water supply. All materials, no matter what their composition, will deteriorate and corrode over time (Agard et al. 2002) .
There is evidence that distribution systems are corroding in many regions in the world due, in part, to ageing processes. Even in developed countries, it is not uncommon to find pipes in service that are at least a century old (Haas 1998) . In Hyderabad5, India, the oldest parts of the city's distribution system are approximately 100 years old; others are 60 -70 years old and badly corroded (Mohanty et al. 2003 ). Chowdhury and colleagues (2002) also found that, in one Bangladeshi zone, approximately 20% of the piping from early last century was corroded and leaking and over 50% of sluice valves and fittings were badly rusted.
Characteristics of the distribution network, namely pipe material and composition, affect the extent of corrosion (Besner et al. 2002) . Inferior-grade materials used in developing countries may enhance the rate of corrosion.
In Bangladesh, a survey of four medium-sized cities found pipes to be of poor quality, mainly composed of asbestoscement and cast iron. These pipes and additional fittings were also found to have been installed with poor workmanship (Chowdhury et al. 1999) . Generally, cement-based materials undergo rapid deterioration in structural integrity, often within 15 -25 years of operation (Wagner 1994) .
Similarly, in Latvia, the distribution network was declared to be ageing and composed of cast iron pipes (Juhna & Klavins 2001) , which, although commonly used as a building material in distribution systems worldwide, offers 'insufficient protection against internal corrosion' (Wagner 1994) .
It has been suggested that pipes made out of PVC, galvanized iron and mild steel are superior alternatives to the above materials used in water supply infrastructure (Chowdhury et al. 1999) .
High concentrations of metal precipitates solubilized in the water seriously decreases the chemical quality of the water ingested by the consumer (Wagner 1994) . This can be a significant public health concern, depending on the material composition of the pipes. (Wagner 1994) , there are still many such pipes in existence which can only be replaced at high cost (del Carmen Gordo Muñ oz 1998).
Cement-based materials such as concrete and asbestoscement may leach calcium-containing products and asbestos fibres into the water, while metal-based materials such as iron will oxidize to form precipitates in the water (Wagner 1994) . In addition, elevated levels of copper, zinc and cadmium may dissolve in the water (Wagner 1994 ) and could be a public health concern in many countries where distribution systems are ageing.
Furthermore, corrosion decreases the bacterial quality of the water supply by creating conditions suitable for the growth of microorganisms. Even the more inert materials such as plastics or rubber-based materials can provide organic nutrients for bacteria and therefore enhance microbial growth (Agard et al. 2002) . During corrosion, tiny pitted cavities or tubercules develop within the walls of the distribution system, wearing away the smooth surface and creating sites for bacteria to attach and grow (Besner et al. 2002) . These tubercules provide microenvironments for the growth of biofilms, which are thin layers of anaerobic and aerobic microorganisms adhering to the inner surface of the pipe wall (Geldreich 1996) . Biofilm formation can decrease water quality by rapidly depleting the chlorine residual present, and can possibly 'hide' pathogens by protecting them from disinfection exposure (Geldreich 1996) .
Not only does corrosion enhance biofilm formation, but
in turn the growth of biofilms enhances corrosion of pipes because of the increased surface perforation (Egorov et al. 2002) . There has been an association observed between corroding systems and deteriorating water quality. In Phnom Penh, 44% of water samples connected to ageing pipes revealed coliform contamination, while only 25% of water samples connected to newly constructed pipes were contaminated (Dany et al. 2000) . In addition, higher coliform concentrations have been demonstrated to occur with certain materials that corrode easily (for instance, iron) than with PVC or galvanized copper piping (LeChevallier et al. 1996) .
Corrosion further decreases the microbial quality of the water by increasing the turbidity of the water. Turbidity, defined as the interference of light passage through water by insoluble particles, is used as an indicator to determine water quality and often, filtration effectiveness (Hammer & Hammer 2001; US Environmental Protection Agency 2003) .
Due to the increased amount of precipitates in the water from corrosion, the amount of particulate matter (and thus turbidity) increases (Juhna & Klavins 2001) . As a result, microbes may attach and aggregate onto these particles and be protected from disinfection (Besner et al. 2002) , rendering a disinfection residual less effective.
There is evidence to suggest that high turbidity may be a In addition to turbidity, other physical and chemical parameters of the water can determine the rate of corrosion and the quality of the water supplied. These properties include: the disinfectant residual concentration, temperature, pH, mineral content, and nutrient levels as determined by dissolved oxygen and assimilable organic carbon (Wagner 1994; del Carmen Gordo Muñ oz 1998; Juhna & Klavins 2001; Agard et al. 2002; Egorov et al. 2002) .
However, each distribution system is unique because of the varying structural materials used and varying properties of the supply water. Therefore, a particular water characteristic may be an important determinant of corrosion and water quality in one system, but unimportant in another (McNeill & Edwards 2001) .
Generally, disinfection residual in the water supply decreases the viable microorganisms present. However, corrosion rapidly reduces the concentration of free disinfectant (Trussell 1998) ; in fact, the type and extent of corrosion seriously affects the ability of a disinfectant to inactivate pathogens (LeChevallier et al. 1996) . Disinfection has even been determined to 'provide selection pressures on pathogens that promote a wide range of survival strategies' (Ford 1999) . Clearly, the ability of a disinfectant to inactivate pathogens is crucial to ensuring high microbial quality of water, and therefore, the extent of corrosion can seriously hinder the effectiveness of a disinfectant residual.
Water temperature is also a crucial determinant of microbiological water quality. Bacterial growth rates, decay of disinfection residual, corrosion rates and even distribution hydraulics are all affected by water temperature (LeChevallier et al. 1996) . It has been observed, for instance, that when water temperatures rise above 158C, the growth of colonizing bacteria in the distribution system increases markedly (LeChevallier et al. 1991; LeChevallier et al. 1996; Geldreich 1996) . In Pietermaritzburg, South Africa, higher coliform counts were found to be associated with higher water temperatures in the distribution system (Bailey & Thompson 1995) . Thus, when water temperatures are high
year-round, as in the case of tropical climates in developing countries, there is more rapid growth of microorganisms than would be found in temperate climates. In addition, higher temperatures of water increase corrosion rates in certain infrastructure materials (Wagner 1994) .
Mineral content of waters and pH also determine the extent of corrosion and growth of bacteria in the distribution network. Water sources may vary widely; some are 'soft' (low mineral content) and usually accompanied by low pH, while some are 'hard' (high alkalinity and dissolved neutral salts) (Wagner 1994) . It was determined that, in Mexico City, owing to the 'softness' of the water supplied, pipes were susceptible to corrosion (Gaytan et al. 1997) . For iron pipes, however, generally as pH decreases the rate of corrosion decreases (McNeill & Edwards 2001) . This is compatible with the requirement for rapid disinfection of water, which requires a lower pH range of 6.0 to 6.5 (Dany et al. 2000; Besner et al. 2002) . However, this low pH requirement may increase the leaching rates of certain materials into the water, such as lead (Wagner 1994) .
Therefore, depending on a number of characteristics of the distribution system, pH can be a strong determining factor in the bacterial and chemical quality of water.
Finally, additional parameters that may influence water quality and corrosion rates are nutrient levels in the water, often measured by dissolved oxygen and assimilable organic carbon concentrations. Generally for iron-based materials, increasing dissolved oxygen levels result in higher corrosion rates because of oxygen's role in reduction -oxidation reactions (McNeill & Edwards 2001) . Assimilable organic carbon (AOC) is a means of detecting the level of nutrients necessary for bacteria to thrive; these include carbon, nitrogen and phosphate (Geldreich 1996) , as well as humic and fulvic acids (del Carmen Gordo Muñ oz 1998).
While the ageing of infrastructure and stagnancy of water in the pipelines increases organic content of water, it has been proposed that an adequate disinfection residual can control the growth of bacteria arising from these high AOC concentrations (del Carmen Gordo Muñ oz 1998). Furthermore, frequent power cuts led to the inoperability of water pumps, resulting in an unreliable water supply (Thompson et al. 2000) . Some regions, such as Lima, Peru, even plan for pump stoppage each day, 'to reduce the expense of electrical power in the budget' (Geldreich 1996) .
These resource limitations in turn result in poor quality of water supplied to users.
IMPROPER WASTE COLLECTION AND POOR SANITATION
Inadequate waste collection and its potential for contamination of the water supply is a significant problem in developing countries. It has been suggested by Gadgil (1998) that:
good drinking water quality is a necessary, but by no means sufficient, condition for elimination of diarrhoeal diseases as a public health issue … good sanitation practices and adequate methods to dispose of human and animal excrement are thus first necessities.
It is becoming clear that simply improving the quality of the water supply is not sufficient to eliminate all of the associated water-related diseases in developing countries (Gadgil 1998) . Rather, a combined intervention of water supply and sanitation improvements, including waste collection and emphasis on personal hygiene such as bathing, handwashing and other hygienic behaviour (Luby et al. 2001; Roberts et al. 2001; Cairncross 2003) is necessary to significantly reduce the global diarrhoeal disease burden (Younes & Bartram 2001; Mohanty et al. 2003 ).
INEQUITABLE PRICING AND USAGE OF WATER
Commercial losses from the water supply system, or the use of water without being monetarily charged, is a serious problem in developing countries and contributes significantly to unaccounted-for water. The World Bank even suggests that, in certain regions, commercial losses pose a greater problem than physical leakages in the system (Yepes 1995). For example, it is estimated that in San José , Costa Rica, and Bogotá , Colombia, commercial losses comprise 54% and 65% of unaccounted-for water, respectively (World Bank 1996a).
Meters are used to document water usage, but may not capture all users of the service owing to meter malfunctions or non-metered, illegal tap-ins to water supply lines (Chowdhury et al. 1999) . A number of countries experience either or both of these problems. It was observed in Panaji City, India, that only 65% of the meters were in working condition (Kelkar et al. 2002) while in Colombo, Sri Lanka, the overall estimate of illegal connections was estimated to be as high as 19% in some areas, with 85% of these illegal connections being unmetered (Bradley et al. 2002) . Unfortunately, the cost of meter replacement is a substantial expenditure for many water supply organizations (WHO & UNICEF 2000) , which may be an important reason for poor meter installation and replacement.
In many regions, a fixed price for water supply is charged to all customers (Geldreich 1996) , resulting in a disproportionate percentage of income paid for the service by the poor (Bowonder & Chettri 1984; PAHO & WHO 2001) . Since impoverished residents are less able to afford this service, this may encourage the use of illegal connections. This is a major emerging problem in many urban cities of the world where, increasingly, unauthorized connections and bypass lines are being constructed (Chowdhury et al. 2002 ) especially in squatter settlements (Bradley et al. 2002) .
Additionally, consumers may also be reluctant to pay for an intermittent, poor-quality service which therefore compounds the problem (WHO 1997) . As a result, the true number of users and necessary volume of water is not accounted for by the water supplier. Thus, the volume of water output is underestimated, further decreasing water supply and increasing shortages, exacerbating problems with low pressure and intermittent service which then affect water quality.
In addition, since non-metered or illegal users are not held financially accountable for the service that they obtain, there is no incentive to conserve water. In Bangladesh, nonmetered connections were found to be among the primary contributors of water wastage (Chowdhury et al. 1999) .
Also, in Dushanbe, Tajikistan, where water was provided without charge in the community, vast wastage of water occurred, half of it resulting from leaving taps open in the home. Since residents were not charged monetarily for their water consumption, leaving the faucet running was not considered wasteful (Mermin et al. 1999) . It is apparent that, until users are held financially accountable for the resource used, continued wastage of water will have a severe impact on the quantity and quality of the water supplied.
RISK ASSESSMENT
At this point in time, limited data are available for risk assessment regarding the number of people, globally, who are exposed to pathogens resulting from distribution system failure. However, as may be speculated from this review, this appears to be a relatively common occurrence in many where there is often poor water treatment and management as well as inadequate medical support, is very much greater' (Gleeson & Gray 1997) .
Uncertainties in the scientific domain are extremely large due to the scarcity of information available, the multiaetiological nature of diarrhoeal disease, numerous possible exposure pathways, and limited analytical techniques and indicators utilized. It is clear that there is yet much to be explored in the realm of risk assessment.
RECOMMENDATIONS
In developing countries, the rate of unaccounted-for water is much higher than rates found in developed countries. It has been shown that as operations and maintenance of a distribution system decrease, unaccounted-for water levels increase rapidly (World Bank 1996a). While the World Health Organization (2003) has suggested that wastage of water should be minimized to no more than 10% once all contributing factors have been accounted for, it has been proposed that a more realistic goal is closer to 20% in developing countries (Kumar 1998) .
In order to achieve lower rates of unaccounted-for water and to increase quality of water supplied, a number of problem-specific, point-source strategies have been recommended, including: chlorination at multiple points within the system (Egorov et al. 2002) , leak detection and prompt repair (Kumar 1998; Chowdhury et al. 2002) , rehabilitation of old pipes, and routine checks on valves (Massato & Thornton 1999) . Recent programmes to reduce water loss in Sã o Paulo have incorporated the above strategies and have proved to be tremendously successful (Massato & Thornton 1999) . To combat pressure problems and intermittent service, strict enforcement of a minimum pressure is required, with the potable water supply always maintained at higher pressure than the non-potable system.
Dead-end connections and cross-connections should be eliminated to protect against backflow and cross-contamination (Trussell 1998) . Intermittent service can be improved by increasing the volume of water reaching residents, minimizing water loss by proper management of the distribution system (Semenza et al. 1998) .
To counter problems with corrosion, possible solutions include increasing the pH of the water and the addition of phosphates or silicates (del Carmen Gordo Muñ oz 1998; Besner et al. 2002) which decreases the solubility of metals and reduces surface corrosion. Specific programmes may also be undertaken to flush out sediment and organic matter in low-flow areas to prevent biofilm formation (Trussell 1998; Besner et al. 2002) . In addition, using more inert structural materials in construction can decrease the rate of deterioration (Trussell 1998) .
In order to appropriately account for water use and control wastage, accurate valuation of water must occur (Ford 1999) 2002) . It has further been suggested that penalties should be enforced if regulations are not followed (Dany et al. 2000) .
If users are forced to pay out of their own pockets for a service, they will be reluctant for the resource to go to waste.
In Latvia, a successful campaign to decrease water usage involved the installation of household water meters, one factor which drastically decreased consumption of water to 100 l per person per day (Juhna & Klavins 2001) .
The fundamental causes of distribution system failures are related to problems in political, social and economic commitment, leading to poor operation and maintenance of the water supply system. Collapsed water systems have been linked to absence of political support, inadequate or improper use of funds, poor management and poor costrecovery. In addition, major problems including lack of sector coordination, poor communication, insufficient community involvement, inadequate human resources or insufficiently trained personnel have also been implicated (WHO & UNICEF 2000; WHO 2003) . Since the continued operation and maintenance of a supply system ensures its sustainability (Davis & Brikké 1995) , it is clear that these fundamental problems must first be addressed before any significant changes to the operations of water supply systems will occur.
Overall, solutions to ensure high quality potable water involve a sustainable approach. As Younes and Bartram (2001) have stated, drinking water supply cannot be considered independently of other water-related issues.
For example, water treatment is crucial but polluted water sources 'are more costly to treat than less polluted sources, and increasing reliance on degraded water resources is likely to increase the costs of supply' (Younes & Bartram 2001) , thus decreasing sustainability. In addition, Haas (1998) has emphasized the danger of relying solely on mechanical integrity to protect public health. A solution, therefore, would be a multi-barrier approach to water supply and resource management. That is, a number of steps comprising: watershed protection to ensure cleaner sources, adequate treatment of water, proper sanitation practices with sewage collection and treatment, maintenance of the distribution system, and minimizing the wastage of water (Geldreich 1996; World Resources Institute et al. 1996; Mermin et al. 1999; Ford 2003) . in Bangladesh, the volume of water recovered from various losses was estimated to serve thousands, to tens of thousands of additional customers in a single city (Chowdhury et al. 2002) . Thus, it is clear that if water losses are minimized, there would be a substantial increase in the population receiving access to water, not to mention huge financial benefits reaped which could be diverted to other projects.
In summary, there are a number of system-specific solutions to distribution system flaws; however, it is clear that these are only temporary solutions. Until political and financial support for the water supply sector increases, poor management and cost-recovery will result in an unsustainable water supply. A multi-barrier approach to sector operations and management must occur, to ensure improved quantity as well as quality of water supplied to consumers.
CONCLUSION
As is evident from the available microbiological, engineering and epidemiological studies, a An increased scientific body of literature will thus allow policy makers and governmental bodies to effectively manage risk in their respective countries. It is hoped that, through the implementation of appropriate solutions, the disease burden from diarrhoea will be reduced globally.
